Introduction
An estimated 10 14 commensal microbes inhabit the skin and mucosal membranes of the human body, a number that exceeds the quantity of cells in our bodies by an order of magnitude. In the oral cavity alone, more than 700 different bacterial species are found and commensal bacteria are reported to reach a density of 10 12 /ml of luminal content in the adult human intestine. These microorganisms engage in a complex network of interactions with the host and an emerging paradigm indicates that they are essential for the development of the immune system and play an active role in host defense against potential pathogens, that is, microbes intrinsically capable of producing symptomatic infectious diseases. In this respect, the normal microflora is part of the mammalian innate immune system that has co-evolved with surrounding microbiota and the host to become a formidable and intelligent defense barrier. The efficiency of this barrier relies on its ability to mount lethal attacks on invading pathogens, while simultaneously tolerating benign co-inhabitants and innocuous microbes found in food, water and inhaled air.
In a broad sense the innate immune system is composed of physical barriers and effector molecules and cells. In the case of cutaneous surfaces (skin), defense occurs through the combined action of several complementary systems. Apart from the sheathing layer of keratin-ized, water-impermeable epithelium that physically restricts access of microbes to deeper tissues, the barrier is also guarded by a chemical defense system composed of antimicrobial peptides (AMPs; such as cathelicidin, ␤ -defensins, dermicidin and psoriasin) produced in the accrine sweat glands, mast cells, epithelial cells and keratinocytes as well as the neutrophils and macrophages that infiltrate subepithelial connective tissue. Additionally, fatty acids secreted by the sebaceous glands are key factors in the chemical defense system. Some of these factors are constitutively secreted, while the production of others is greatly induced following any break in epithelial integrity.
Due to the adsorptive and/or secretory functions of the mucosal membranes of airways, reproductive tract and intestine, these host surfaces, which are naturally exposed to microbes, are covered with a thin, nonkeratinized epithelial layer. Nevertheless, various types of mucosal membranes are impermeable to bacteria due to several physical and biochemical adaptations, such as intercellular tight junctions, the discharge and apical attachment of a heavily glycosylated mucin-rich layer and secretion of a broad range of bactericidal peptides and proteins that impede microbial attachment and penetration through even the single layer of epithelial cells. In addition, the antimicrobial defenses of these surfaces are reinforced by the elaborate mucosa-associated lymphoid tissues that are enriched with cells of the innate and adaptive immune systems.
Once the physical barriers described above are breached, the initial recognition of microbial invaders is mediated by a set of germline-encoded pattern-recognition receptors (PRRs) that sense highly conserved microbial motifs (for example, peptidoglycan, lipopolysaccharide, lipoteichoic acid, lipoproteins, CpG DNA, flagellin, ␤ -glucan and mannan) referred to as pathogen-associated molecular patterns. PRRs are found in soluble forms in the extracellular space (such as lipopolysaccharidebinding protein, C-reactive protein, mannose-binding lectin as well as surfactant proteins A and D) signaling through membrane-anchored co-receptors or working as opsonizing agents, integrated into cellular membranes (such as Toll-like receptors and CD14) and in the cytosol of cells (such as NOD-like receptors). Engagement of PRRs activates intracellular signaling, leading to the expression of pro-inflammatory cytokines, chemokines and antibacterial soluble effector molecules. Furthermore, activation of the complement system, an essential part of innate immunity, sounds a powerful alarm signal in the form of released anaphylatoxins (C3a and C5a).
Chemokines and anaphylatoxins attract neutrophils from the circulation and prime them to unleash formidable bactericidal activity. Together, these processes initiate acute inflammation, which is indispensable for efficient elimination of invading microbes. Monocytes are also mobilized by C3a and chemokines to migrate into the inflamed tissue, whereupon they undergo a transformation into macrophages. Monocyte/macrophage and neutrophils are professional phagocytes and, together with natural killer cells, constitute the effector cells of innate immunity. While the destiny of neutrophils is to kill microbes and then succumb to apoptotic cell death, macrophages are long-lived. Although macrophages efficiently phagocytose and kill bacteria, these cells are also crucial for the resolution of inflammation and the initiation of tissue repair processes, in addition to their regulation of the adaptive immune response to the microbial infection.
In addition to the classical components of innate immunity described above, a growing body of evidence indicates that other systems are also essential for our innate resistance to microbial infections. The best example is the coagulation cascade. Converse to the conventional paradigm describing coagulation as an entirely separate system that has arisen to prevent bleeding from injured blood vessels, it is now clear that coagulation and innate immunity have co-evolved early in eukaryotic development. These systems now continue to function as a highly integrated unit for defense, following mechanical or infection-induced tissue injury [1] . The localized deposition of a fibrin/platelet mesh following contact activation in response to bacteria walls off the infection and exposes the entrapped intruder to bactericidal peptides, which are released from platelets, and kininogen. Indeed, the contact system is now recognized as a branch of innate immunity [2] .
Protease-activated receptors (PARs) constitute another direct link between coagulation and innate immunity. These receptors, which are ubiquitously expressed on epithelial and endothelial cells as well as leukocytes, when activated by proteases of the coagulation cascade are important mediators of innate immunity responses. PARs regulate various functions of leukocytes and activate proinflammatory signaling networks. In the light of strategic tissue distribution and the broad spectrum of proteases that activate PARs, they can be considered as being an integral part of the host antimicrobial alarm system [3] [4] [5] [6] . A similar function is ascribed to epithelial integrin receptors [7] .
Despite these formidable innate immune defenses, humans suffer from infectious diseases caused by bacteria. Bearing in mind that bacterial pathogens have co-evolved with metazoan antimicrobial defenses, it is perhaps not surprising that pathogens have evolved the means to breach the host defenses constituted by both the innate and adaptive immune systems. Human skin is impervious to microbial attack and no bacterial pathogen is able, unaided, to penetrate through the intact keratinized epithelial layer and thus all topical infections start through skin abrasions or via bites of blood-sucking insects. Unfortunately, the innate immunity system of mucosal membranes is more easily compromised and most bacterially mediated infectious diseases begin after breach of this barrier. Nevertheless, only bacteria that are equipped with the appropriate means to bypass, inactivate or hijack host defenses are capable of this activity. The spectrum of virulence traits allowing pathogens to survive the antibacterial activities of innate immunity is astonishing. Some of these tactics rely on proteolytic activity elaborated by the pathogens. This comes as no surprise if one takes into account that the effector and signaling molecules of innate immunity are proteins and peptides that can be inactivated by bacterial proteases. A brief description of bacterial proteases affecting innate immunity is presented in table 1 .
Subversion of Contact Activation Pathway by Bacterial Proteases
Growing evidence indicates that the contact system, also known as the intrinsic pathway of coagulation or the kallikrein/kinin system, is the integral part of innate immunity. When activated on the bacterial cell surface, the system delivers bactericidal peptides derived from kininogen and entraps bacteria in the thrombus, while the major effector peptide, bradykinin (BK), stimulates macrophages and induces an influx of neutrophils. BK and its metabolite, desArg9BK, are potent inflammatory mediators causing hypotension, increased vascular permeability, edema formation, fever and pain (for review, see Frick et al. [2] ) [8, 9] . Several bacterial species produce proteases which either directly release kinins from degraded kininogens or can activate proteases of the contact system (factor XII and plasma prokallikrein) which subsequently release kinins. This first mode of kinin release is exemplified by the action of staphopains from Staphylococcus aureus [10] , streptopain (SpeB) of Streptococcus pyogenes , a protease of Streptomyces caespitosus and the Lys-(Kgp) and Arg-specific (Rgp) gingipains of Porphyromonas gingivalis working in concert [11] . Activation of contact factors is a more widespread mechanism and several proteases from pathogenic bacteria have been described to activate either factor XII or prekallikrein or both (for references, see Frick et al. [2] ). It is assumed that the vascular permeability induced by the released kinins promotes an influx of plasma containing nutrients into the site of infection and facilitates spreading of the microorganisms. Indeed, it was shown that transvascular dissemination of P. gingivalis is dependent upon activation of the contact system [12] . Also, invasion of the systemic circulation by Pseudomonas aeruginosa was aided by BK generated by pseudomonal proteases [13] . Conversely, in an animal model of S. pyogenes infection, inhibition of the contact system promoted bacterial dissemination and growth [14] . This indicates that different pathogens have different abilities to counter the antibacterial activity of the contact system, from being susceptible through to subversion for their own benefit.
Escaping Host Defenses by Manipulating Fibrinolysis
The host inflammatory response to bacterial infection results in local thrombosis and microvascular occlusion important for the isolation of the infectious focus and prevention of the systemic spread of invading microorganisms. To counteract the entrapment, bacterial pathogens have frequently evolved the strategy of hijacking plasmin(ogen), a powerful fibrinolytic protease present at a high concentration in serum. Normally, activation of plasminogen is tightly controlled by activators and inhibitors, but some strains of pathogenic or even commensal bacterial species are able to bypass the checkpoints and use this component of the host fibrinolytic pathway for their own benefit, including dissemination within the host and evasion of host inflammatory immune responses. This 'illegitimate' use of the fibrinolytic system is achieved either by (1) immobilization of plasmin(ogen) on the bacterial surface where it becomes activated by host plasminogen activators, or (2) by production of bacterial surface-associated activators that specifically interact with plasminogen and activate it by complex formation or by proteolysis [15] .
Recruitment of plasminogen is a strategy utilized by large numbers of different bacterial species, both pathogenic and commensal. Interestingly, the most commonly used plasmin(ogen) receptors on the bacterial surface are cytoplasmic proteins, especially those from the glycolytic metabolic pathway, including glyceraldehyde-3 phosphatase dehydrogenase and enolase. Besides these cytoplasmic proteins, several bacteria express unique cell surface-associated proteins with affinity for plasmin(ogen). Regardless of their structure, all of these receptors work as cofactors for plasminogen activation via the host-derived plasminogen activators, uPA and tPA. In the case of numerous streptococcal species (excluding S. pneumoniae ), immobilized plasminogen can also be activated by a bacterially derived activator, streptokinase. Significantly, plasmin bound to bacterial surface receptors is insensitive to inhibition by ␣ 2 -antiplasmin, thus promoting pericellular fibrinolysis and degradation of components of extracellular matrix. This induces inflammation and may facilitate dissemination of the bacteria, even those that do not express their own proteolytic activity capable of disrupting the extracellular matrix. Indeed, for several pathogens a correlation was found between their ability to immobilize plasmin(ogen) and the pathogenic outcome of infection [16, 17] . This relationship was best investigated in the case of Borrelia burgdorferi , the vectorborne spirochete responsible for Lyme disease, where subversion of the fibrinolysis system is important in both the tick and within the infected host [18] . Conversely, the role of exploitation of plasmin(ogen) by commensal and probiotic bacteria in their interactions with the host is unknown. The second strategy for subverting fibrinolysis depends on the expression of specific plasminogen activators by various bacterial species. Streptokinase and staphylokinase produced by S. pyogenes and S. aureus , respectively, are prototypes for this group of proteins. Although structurally unrelated, both proteins form a tight complex with plasminogen inducing conformational changes, so that the plasminogen molecule is converted into plasmin [19, 20] . Streptokinase is produced by group A, C and G streptococci, including species pathogenic for animals, and shows strong preference for binding and activating plasminogen derived from an appropriate host, while having little activity against plasminogen for other animals. In this way, streptokinase from S. pyogenes is specific for human plasminogen, which has complicated assessment of this protein's function in the pathogenesis of group A streptococcal infections using animal models. Recently, however, the essential role of streptokinase in S. pyogenes infectivity was documented using a humanized 
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Msp peptidase metallo/MA/M4 cytokines (IL-2) Legionella pneumophila GAS = Group A streptococcus. 1 Classification of proteases is based on the evolutionary and structural relationship among enzymes, inferred from the comparison of amino acid sequence and/or tertiary structures. The term family is used to describe a group of proteases in which members show reciprocal evolutionary relationship. Families are clustered into clans. A clan contains all the present proteases that evolved from a single origin. For details see the MEROPS database: http://merops.sanger.ac.uk. (continued) plasminogen mice model [17] . It was also shown that plasmin immobilization by PAM on the surface of S. pyogenes was essential for full exploitation of the host fibrinolytic system to facilitate establishment of infection and subsequent invasion. Finally, the important function of fibrin deposition in limiting bacterial spread from the infectious nidus was documented. Together, these data strongly argue that activation of plasminogen by streptokinase leads to accelerated clearance of host fibrin and is a central mechanism for group A streptococcal invasion and spread.
In contrast to the streptokinase-plasminogen complex, the plasmin activity of the staphylokinase-plasminogen complex is efficiently inhibited by the serpin, ␣ 2 -antiplasmin. In addition, staphylokinase requires fibrin as a cofactor for plasminogen binding. The binding of the tertiary complex to the S. aureus surface enhances staphylokinase-induced plasminogen activation and the immobilized plasmin activity is impervious to host protease inhibitors. This is considered important in the escape of S. aureus from thrombotic occlusions, but no direct experimental evidence for this has yet been published. Conversely, staphylokinase has several other virulence-related properties, including the ability to inactivate bactericidal peptides (see below).
In contrast to streptokinase and staphylokinase, which are not proteolytic enzymes per se, a few bacterial species have evolved effective plasminogen activators that work in a manner similar to that exerted by host activators, tPA and uPA. Bacterial plasminogen activators belong to the omptin family (family A23) of aspartyl proteases found among the Gram-negative Enterobacteriaceae , including Yersinia sp., Shigella sp. (SopA), Salmonella sp. (OmpE and PgtE), Vibrio fisheri , Legionella pneumophila , Escherichia coli (OmpT), Enterobacter sp., Mesorhizobium sp., Erwinia sp. and Agrobacter tumefaciens [21] . Omptins are integral outer membrane proteins with a characteristic 10-stranded antiparallel ␤ -barrel structure that protrudes far above the lipid bilayer into the extracellular space with the catalytic site located in a groove at the top of the vase-shaped extracellular ␤ -barrel. Although several omptins can activate plasminogen, only the Pla peptidase from Yersinia pestis is a potent plasminogen activator. Interestingly, however, OmpT can be easily converted into an efficient plasminogen activator by subtle mutations at surface-exposed loops: this conversion may represent an interesting example of the evolution of a potent virulence factor from a housekeeping protein. In the case of PgtE from Salmonella enterica and Pla of Yersinia pseudotuberculosis , the O-antigen of lipopolysaccaride sterically prevents recognition of high-molecular-weight substrates, rendering the plasminogen activator activity cryptic in these enteropathogens. The O-antigen repeats also prevent plasminogen activation by the Pla peptidase and, in this context, it is suggested that the loss of the genetic locus involved in O-antigen synthesis by Y. pestis is an adaptation for high virulence [22] .
Although some omptins are implicated as important virulence factors (see Inactivation of Bactericidal Peptides), they are generally considered housekeeping enzymes that are unable to generate plasmin from plasminogen. The startling exception is the plasmid-encoded plasminogen activator (Pla) of Y. pestis . Pla activates plasminogen by limited proteolysis and also proteolytically inactivates ␣ 2 -antiplasmin which controls plasmin. The enzyme is indispensable for dissemination of Y. pestis into the lymph nodes and blood circulation in subdermal, subcutaneous and intradermal infection models, but expendable for virulence after intravenous inoculation [23, 24] . The importance of plasminogen for pathogenicity of Y. pestis is apparent from the fact that plasminogen-deficient mice are resistant to infection. In the absence of plasminogen or during infection with Pla-deficient bacteria, robust accumulation of inflammatory cells at sites of infection was observed, strongly correlating with increased survival of the animals. In stark contrast, infections of control mice with wild-type Y. pestis led to the formation of widespread foci with massive numbers of extracellular bacteria and little infiltration of inflammatory cells [25] . The survival benefits gained by the elimination of either bacterial Pla or host plasminogen were abrogated by fibrinogen deficiency. Cumulatively, these data indicate that plasminogen and fibrinogen are strongly engaged in the modification of the inflammatory response in vivo and constitute critical determinants of bacterial virulence and host defense [26] . Accordingly, plasminogen is employed by bacteria to not only to escape their entrapment, but also to suppress local inflammation and increase virulence.
Bacterial Proteases Targeting and Manipulating Intracellular Inflammatory Signaling Pathways of Innate Immunity
Detection of pathogens by PRRs causes a rapid activation of the mitogen-activated protein kinase (including extracellular signal-regulated kinase, natural killer and p38 pathways) and nuclear factor-B (NF-B) signaling pathways. This leads to the production of pro-inflamma-tory cytokines and the initiation of a complete innate immunity response, including the mobilization of neutrophils, activation of macrophages and release of bactericidal compounds. The signaling cascade is regulated by reversible, covalent modification of engaged factors by phosphorylation (kinases and phosphatases) and the attachment of ubiquitin or small ubiquitin-like modifier (SUMO) moieties. SUMO, which is structurally similar to ubiquitin, is a member of a large family of reversible posttranslational modifiers. Like ubiquitin, SUMO utilizes conjugation machinery to form a covalent isopeptide bond between the -amino group of a lysine residue in the target protein and the C-terminal glycine residue of SUMO. However, unlike ubiquitination, sumoylation of proteins does not target them for degradation by the proteosome. Both SUMO and ubiquitin moieties can be removed from conjugated proteins by the action of specific isopeptidases. This process of reversible covalent modification plays an essential regulatory role in all eukaryotic organisms. Since prokaryotes lack the ubiquitin or SUMO signaling machineriy, targeting of these systems by virulence factors seems to be an attractive strategy for the microorganism. Indeed, some bacteria have acquired the ability to disrupt these signaling pathways by injecting specific proteins with isopeptidase activity into the host cells. These effectors not only shut down signal transduction, but also eliminate macrophages by forcing affected cells to undergo apoptois [27] . In this respect, the Yersinia species, including Y. pestis , the causative agent of plague, and Y. pseudotuberculosis and Y. enterocolitica , which generate gastroenteritis and lymphadenitis, respectively and occasionally systemic infection, are master manipulators.
All pathogenic Yersinia species bear a large virulence plasmid, which encodes a type III secretion system (T3SS), together with an array of effector molecules. Effector molecules of the T3SS, including YopJ, are injected directly into host cytosol through a needle-like structure. YopJ is homologous to clan CE of cysteine proteases, a family of proteases encompassing deubiquitinating and de-SUMOylating enzymes. Originally it was proposed that YopJ shuts down pro-inflammatory signaling pathways by hydrolysis of the isopeptide bond in SUMO conjugates [28] . Later, however, it was demonstrated that YopJ is a promiscuous deubiquitinating (DUB) enzyme that cleaves both Lys48 and Lys63-linked polyubiquitin [29] . Several studies have implicated YopJ and its homologue from Y. enterocolitica (YopP) in the disruption of ubiquitination of several signal transmitters of interferon, NF-kB and mitogen-activated protein kinase signaling pathways [30] [31] [32] . Recently, it was found that YopJ is not a protease, but rather has acetyltransferase activity. It was proposed that YopJ/P acetylates host MMPK kinases (MKK6 and MEK2), thus blocking their subsequent phosphorylation and activation [33] . It still remains possible that YopJ/P has both protease and acetyltransferase activities, but regardless of the precise mechanism, the major consequence of Yersinia infection is YopJ/P-mediated death of macrophages and the inactivation of innate immunity pathways dependent on these cells.
The family of YopJ-like proteins (family C55 of cysteine proteases) is limited to bacteria, where they are found in a variety of animal and plant pathogens as well as in the plant symbiont, Rhizobium . All of these bacteria use T3SS to inject effectors into the host cell cytoplasm. To date, only a handful of YopJ-like effectors have been characterized. Regardless of whether the YopJ-like molecules are unusual hydrolases that have evolved into acyltransferases [34] or are true proteases, all of them are effective manipulators of host innate immunity, both in animals and plants (online supplementary table S1, see www.karger.com/doi/10.1159/000181144). In addition to YopJ-like factors, several pathogenic bacteria encode proteins distinctly related to Ubl-specific proteases of family C48. SseL of S. enterica, serovar Typhimurium, contributes to systemic virulence during murine typhoid-like disease by promoting delayed macrophage cytotoxicity [35] . SseL was unambiguously demonstrated to have deubiquitinating activity both in vivo and in vitro [35] . This activity of SseL is responsible for the suppression of I B ubiquitination and degradation, thus preventing subsequent NF-B activation [36] . Chlamydia trachomatis expresses 2 proteinases (Chly Dub1 and Chly Dub2 ) which were shown to cleave both ubiquitin and NEDD8 (a ubiquitin-like protein) conjugates [37] . In addition, a very efficient and specific deubiquitinating enzyme, ElaD, is produced by E. coli [38] . Importantly, Chly Dubs and ElaD are only expressed by pathogenic strains of the bacteria and in the case of E. coli , ElaD production is further limited to intestinal pathogenic strains [38] . This strongly suggests that, similarly to SseL of Salmonella sp., these proteases contribute to pathogenicity by interfering with the NF-B pathway of the innate immunity response to infection.
Interestingly, a small group of plant and animal pathogens (online suppl. table S2 ) apparently possess true SUMO isopeptidases grouped into the C48 family of the CE clan of cysteine proteases. The predicted catalytic domains of these proteins are so similar to eukaryotic ubiquitin-like protein proteases that it is speculated that the bacteria acquired these effectors by capturing an eukaryotic UPL1-like gene. To date, only the XopD cysteine protease of Xantomonas campestris has been characterized at the functional, biochemical and structural levels [39] . XopD is injected into plant cells by the T3TT during X. campestris pathogenesis, then translocated to subnuclear foci where it hydrolyzes SUMO-conjugated proteins in vivo and thereby contributes to pathogenesis by disrupting host defensive signals in the infected plant cells.
Another group of proteolytic virulence factors affecting the host immune response from within cells are the cysteine proteases related to YopT of Y. pestis and AvrPphB of Pseudomonas syringae (online suppl. table S3). YopT cleaves posttranslationally modified RhoA, Rac and Cdc42 GTPases near their carboxy termini, Nterminal to the prenylated cysteine by which these proteins are attached to the membrane [40] . Once released from the membrane, they are no longer able to function in cell-signaling pathways. This leads to disruption of the cytoskeleton in host cells, since small GTPases are essential for the control of actin polymerization. Macrophages affected in this way are disarmed of their ability to phagocytose bacteria, which is indispensable for innate immunity. Similarly, prenylated small GTPases and the host serine/threonine kinase, PBS1, are substrates of AvrPphB in plant cells. This leads to the onset of the disease in sensitive plants manifested as a hypersensitive response.
In contrast to the factors discussed above, which are injected directly into the host cell, the anthrax toxin of Bacillus anthracis is internalized by endocytosis. After the toxin translocates from endosomes into the cytoplasm, its metalloprotease component, referred to as lethal toxin, cleaves MKKs and thus effectively blocks activation of NF-B target genes [41] . As a very specific protease, the lethal factor is a very good target for therapeutic inhibitor development.
Effect on Complement
The complement system is an integral and vital part of the innate and adaptive immune systems. The system can be activated via 3 pathways: the classical pathway, activated usually by antigen-antibody complexes, the lectin pathway, activated by carbohydrate arrays found on microbial surfaces, and the alternative pathway, activated by C3 binding to the surface of microorganisms. The classical and lectin pathway recognition molecules are associated with proteases that activate downstream proteins to form the C3 and C5 convertase complexes, while C3 binding to microorganisms attracts unique proteases of the alternative pathway that form differently composed C3 and C5 convertase complexes. Thus, the C3 and C5 convertase complexes are pivotal for all mechanisms of activation of the complement system. Downstream activation of further components of the system from C5 results in formation of the membrane attack complex, which forms pores in the membranes of microorganisms, causing their lysis. This is the most direct effect of complement, but equally as important is the activation of the inflammatory system by the C3a and C5a fragments that are cleaved from their parent molecules during complement activation. These molecules are responsible for potent attraction of white blood cells to sites of infection and therefore form a link between the innate and adaptive immune systems. Additionally, coating of the microorganisms by complement molecules opsonizes the organisms, rendering them capable of being recognized by complement receptors on white blood cells, particularly macrophages, which phagocytose and degrade the pathogens. The complement system is regulated by molecules such as the serpin, C1-inhibitor, which inhibits the initiating proteases of the classical and lectin pathways, by molecules such as C4-binding protein which regulate the formation of the convertase complexes and decay-accelerating factors of the system which clear complement components from host cells that have been inadvertently targeted by the system. Pathogens target and subvert the complement system by degrading or binding complement components to prevent activation of the pathway. Given the highly centralized role of the C3 and C5 convertase complexes, it is not surprising that they are the major targets of many bacterial proteases which inactivate the system. In particular, the C3 protein and its activated form, C3b, is an integral component of the C5 convertase complex whichever pathway of activation has been engaged. Thus, a number of bacterial proteases, such as the SpeB cysteine protease (streptopain) from the group A streptococci [42, 43] , cleave either C3 and thus inactivate or prevent the formation of the C5 convertase complex. This has the dual effects of preventing the formation of the membrane attack complex and the most pro-inflammatory mediator, C5a. The ultimate effect of the cleavage is to prevent coating of the bacteria with C3b, which in turn prevents or reduces important mechanisms such as opsonization and phagocytosis by neutrophils. The SpeB protease also cleaves properdin, which stabilizes the formation of the C5 convertase complex formed during alternative activation pathway of complement [44] . This has the cumulative ef-fect making the bacterium more resistant to opsonophagocytosis by neutrophils. Interestingly, the group A and group B streptococci also produce a C5a peptidase of the subtilisin family (S8) of serine proteases, which cleaves C5a near its N-terminus and thus affects the attraction of neutrophils to the site of infection, thereby inhibiting the clearance and phagocytosis of the organism [45] . An interesting mechanism used by S. aureus with regard to C3 degradation is binding of the host protein by clumping factor A produced by the organism, which enhances the degradation of C3 by factor I, a protease of the alternative pathway that regulates complement activation [46] . This enhancement of the degradation of C3 prevents phagocytosis of the bacterium. The PgtE protease of S. enterica degrades C3b, C4b and C5 and thus drastically affects convertase complex activity [47] and protects the bacterium from complement during its transient extracellular phase prior to entry of the host cells. The gelatinase of Enterococcus faecalis has been shown to inactivate complement by degrading C3 and thus contributes to the pathogenicity of this bacterium [48] .
The gingipains from the periodontal pathogen, P. gingivalis , have been shown to have complex, 'biphasic' effects on the complement system [49] . The bacterium is resistant to complement, most likely due to the presence of a surface anionic polysaccharide [50] , and the gingipains, particularly the arginine-specific enzymes, degrade C3, C4 and C5 [49] . Interestingly, at low concentrations, the gingipains activated these proteins by cleaving at their correct cleavage positions required for subsequent activation of the system, but at higher concentrations the enzymes degraded the complement proteins such that they were inactivated. This suggests that early infections by P. gingivalis (correlated with lower gingipain concentrations) may actually stimulate complement activation to cause an inflammatory state that is advantageous to the bacterium in terms of supplying it with nutrients, while later infections with high number of bacteria would be likely to degrade vital complement components to inactivate the system. In addition, P. gingivalis is able to capture the human complement inhibitor, C4b-binding protein (C4BP) via the surface-exposed RgpA moiety. Immobilization of C4BP on the bacterial surface further contributes to their serum resistance of P. gingivalis . Interestingly, clinical isolates bound more C4BP than laboratory strains tested [51] . Collectively, gingipains appeared to be a very significant virulence factor, not only destroying complement due to proteolytic degradation, but also inhibiting complement activation due to their ability to bind complement inhibitor C4BP on their surface. It should also be noted that the lysine-specific gingipain is additionally capable of degrading the C5a receptor, thus inactivating signals derived from activation of complement.
The StcE cysteine protease of the E. coli O157:H7 strain uses a unique mechanism to prevent complement activation via the classical pathway on its surface and the surface of adjacent host cells. The protease binds and cleaves the serpin, C1 inhibitor, the major regulator of the proteases of the initiating C1 complex of the classical pathway, at the N-terminus of the host protein [52] . The binding of the inhibitor at the bacterial and cellular surfaces inhibits the complement proteases, preventing complement activation and thus inflammation. Cleavage of the N-terminus of the serpin might liberate its anti-inflammatory Nterminal domain, but this is yet to be shown.
Inactivation of Bactericidal Peptides
Antimicrobial host defense peptides are widely distributed in animals and plants. They are extremely divergent with respect to their structure and constitute the most ancient, yet efficient chemical weapon of host defense. In higher animals, AMPs show a broad spectrum of activities related to both innate and acquired immunity, including immunostimulatory and immunomodulatory functions, but their primary role is to directly kill invading microorganisms [53] . This is mostly done by disruption of bacterial cell membrane integrity. Defensins and cathelicidins are the major and best characterized groups of AMPs: their function in vivo is reinforced by AMPs derived from chemokines [54] , complement [14, 55, 56] , hemoglobin (hemocidins) [57] , kininogen [58] , heparin-binding proteins [59, 60] , growth factors [61] and many other peptides and proteins (for a more complete list and references, see Radek and Gallo [62] ). Nevertheless, despite the prevalence of these effective chemical agents, we are still susceptible to infection diseases. During billions of years of co-evolution with multicellular eukaryotic organisms, successful pathogens have developed a variety of redundant means to bypass or even take advantage of AMPs [63] . Despite the fact that AMPs are relatively resistant to proteolytic degradation, several pathogenic bacteria use proteases to cleave and inactivate AMPs.
The human cathelicidin LL-37 is the direct target for degradation by SufA, a novel subtilisin-like serine protease of Finegoldia magna (formerly Peptostreptococcus magnus ) [64] , streptopain of S. pyogenes, elastase of P. aeruginosa , gelatinase of E. faecalis and the 50-kDa metalloprotease (ZapA) of Proteus mirabilis [65] . In each case, proteolysis led to loss of LL-37 binding to bacteria and, consequently, abolished bactericidal activity. Inactivation of LL-37 may be related to the colonization of chronic ulcers, rich in AMPs, by P. aeruginosa , E. faecalis and P. mirabilis . Several lines of evidence argue for this conclusion, at least in the case of P. aeruginosa . Firstly, elastase production by P. aeruginosa rendered the bacterium totally resistant to the action of LL-37 during growth in human wound fluid ex vivo, in stark contrast to an elastase-deficient strain, for which growth was strongly limited. Secondly, LL-37 was degraded in chronic wound fluid collected from P. aeruginosa -infected ulcers, but not in acute, sterile wound fluid. Thirdly, the elastase can degrade the cathelicidin proprotein (hCAP18) in neutrophil extracts. Finally, these ex vivo observations correlate well with clinical findings showing that chronic venous ulcers are devoid of LL-37 and contain low levels of hCAP18 [65] . The persistence of protease-producing P. aeruginosa , P. mirabilis and E. faecalis in chronic ulcers and wounds can be further enhanced by proteolytic degradation of dermatan sulfatecontaining proteoglycans, such as decorin. The negatively charged dermatan sulfate released in this process binds to neutrophil-derived cationic ␣ -defensin and totally abrogates the bactericidal activity of this AMP [66] . Also, the shedding of ectodomains of the heparin sulfate proteoglycan, syndecan-1, from various host cells by the LasA protease may additionally contribute to P. aeruginosa virulence [67] through complexing and inactivation of cationic AMPs.
The ZapA metalloprotease of P. mirabilis is an essential virulence factor in urinary tract infections. In addition to degradation of LL-37, this enzyme also cleaves and inactivates human ␤ -defensin (hBD1) [68] . Since hBD1 (and hBD2) is active in the human urinary tract, its cleavage by ZapA may contribute to colonization of this tract by P. mirabilis. However, both wild-type and ZapA-deficient mutants are resistant to different AMPs, including hBD1, hBD2, LL37 and protegrin, indicating that mechanisms other than proteolytic degradation might influence the resistance of P. mirabilis to AMPs. An analogous scenario exists with respect to the resistance of P. gingivalis , the major periodontopathogen, to the bactericidal activity of AMPs. The gingipains efficiently degrade several different AMPs, including LL-37, dermaseptin (an AMP from the skin of tree frogs) and histatin 5, as well as cecropin B and brevinin. Additionally, proteolytic activity released by P. gingivalis into growth media efficiently degrades physiologically relevant AMPs, such as ␣ -defensin (HNP-1), hBD-1, hBD-2 and hBD3 [69] . However, these activities do not seem to contribute to resistance of the bacterium to the action of the AMPs [70] and how this activity adds to the resistance of P. gingivalis to AMPs still needs to be tested. In this regard, it should be noted that P. gingivalis occurs in close association with many other microorganisms in the biofilm of the dental plaque, upon which the bacterium is metabolically dependent. In this crowded environment, the proteolytic degradation of AMPs by P. gingivalis proteases may yield protection to its commensal partners that are sensitive to AMPs, such as Fusibacterium nucleatum . Additional protection can also be yielded by disturbing the balance between endogenous proteases and their inhibitors. To this end, inactivation of cystatins by gingipains and the proteases of Prevotella intermedia may release host cathepsins from their tight control by cystatins, ultimately leading to the local proteolytic depletion of AMP activity [71] . Indeed, acquired local deficiency in LL-37 due to proteolytic degradation seems to be a supporting factor in pathogenesis of severe cases of periodontitis [72] . In this context, it is important to note that LL-37 is essential for homeostasis in the periodontium, since genetic deficiencies in this cathelicidin are linked to the development of severe cases of aggressive periodontitis.
Cathelicidins are important components of innate host immunity that confer defense against Gram-positive bacterial infection in the skin. Therefore, it is not surprising that 2 major skin pathogens, S. aureus and S. pyogenes , produce proteases degrading human cathelicidins. Aureolysin of the former bacterium cleaves and inac tivates LL-37 in a concentration-and time-dependent manner, and an inverse correlation was found between the level of aureolysin production by S. aureus strains and their susceptibility to LL-37 [73] . Interestingly, both S. aureu s and S. epidermidis can sense the presence of dermicidin, an important AMP expressed in the skin, and react to it by raising their extracellular proteolytic activity, leading to proteolytic degradation and resistance to dermcidin [74] . The resistance of S. aureus is further enforced by staphylokinase, which induces the secretion of defensins from neutrophils only to neutralize their bactericidal effect and facilitate the infection process [75] . An example of how this operates is where LL-37 binds directly to staphylokinase, potentiating staphylokinase-dependent plasminogen activation and fibrinolysis, which may lead to enhanced bacterial dis-semination and invasive infection [76] . Finally, as in the case of the periodontopathogens, cysteine proteases produced by S. aureus (staphopains) are able to inactivate cystatins [77] , thus potentially enhancing the local activity of cathepsins, which in turn can inactivate AMPs.
Streptopain (SpeB), the major protease produced by S. pyogenes , is involved in an interesting system that the pathogen has evolved to protect its own cell surface-located virulence factors and simultaneously promote the degradation of LL-37. Using a surface-expressed protein, GRAB, S. pyogenes coats itself with ␣ 2 -macroglobulin ( ␣ 2 M), a major human plasma proteinase inhibitor. The ␣ 2 M thus retained on the surface inhibits proteolysis by trapping streptopain that, however, still remains proteolytically active against smaller peptides, including LL-37, that can penetrate the ␣ 2 M-streptopain complex. As a consequence, S. pyogenes is well protected against killing by LL-37 [78] . Importantly, recent findings indicate that, indeed, the streptopain-mediated inactivation of LL-37 on the streptococcal surface represents a bacterial resistance mechanism at infected sites in patients with severe S. p yogenes soft tissue infections [79] .
The omptins located on the outer membrane of Gramnegative bacteria are also able to degrade and inactivate AMPs. Thus far it has been shown that OmpP and OmpT of E. coli efficiently degrade protamione, which promotes resistance to this particular AMP [80] . Conversely, the S. enterica omptin, PgtE, conferred resistance to ␣ -helical cationic AMPs, including LL-34, but not to protegrin or HNP-1, the ␤ -sheet AMPs [81] . This indicates that different omptins may have specificity directed against various AMPs. PgtE expression is regulated by PhoP/PhoQ sensing of sublethal concentrations of cationic AMPs and, through AMP degradation, the protease contributes to promotion of bacterial survival and resistance against host innate immune defense mechanisms [82] .
PAR Activation/Inactivation by Bacterial Proteases
PARs are G protein-coupled, 7 transmembrane domain molecules that are activated by proteases. Cleavage within the extracellular domain of the receptors results in the liberation of a new N-terminal sequence which interacts with the extracellular loops of the receptor as a tethered ligand, causing intracellular signaling that has a variety of outcomes depending on the receptor activated, the type of cell/tissue and the status of the cell. Of the 4 human members of the family, PAR-1, PAR-3 and PAR-4 are activated physiologically by the action of thrombin, while PAR-2 is activated by many different proteases. PAR-2 activation in particular has frequently been associated with pro-inflammatory responses.
The arginine-specific gingipains from P. gingivalis were shown to activate PAR-2 on neutrophils [83] and epithelial cells [84] , with activation in the latter context causing the production of pro-inflammatory IL-6. The arginine-specific gingipains were also shown to activate PAR-1 and PAR-4 on human platelets and thus cause platelet activation and aggregation [85] . Subsequent to these initial findings, a number of different studies have amplified the original data and recently PAR-2 null mice were shown to be protected against periodontal disease, suggesting that this receptor does indeed play a pivotal role in the pathogenesis of this disease [86] .
Following these findings in the context of periodontal disease, it has been shown that a secreted protease from P. aeruginosa , LepA, is able to activate PAR-1, PAR-2 and PAR-4 and thus activates a NF-B pathway [87] . Interestingly, the elastolytic metalloprotease from the same bacterium, LasB, was shown to degrade the extracellular domain of PAR-2 and thus inactivate the receptor [88] , suggesting that these proteases from the same organism might antagonize each others' effects. Recently, serralysin from Serratia marcescens was shown to activate PAR-2 in human lung carcinoma and HeLa cells, with subsequent activation of pro-inflammatory signaling pathways [89] . Finally, Helicobacter pylori has been shown to be able to activate PAR-2 on gastric epithelial cells and although the proteases from the bacterium carrying out the activity have not been characterized, it appeared that a serine protease was most likely involved [90] . The activation resulted in increased production of pro-inflammatory IL-8 by the gastric cells.
The above results and those summarized in table 2 indicate that signaling through PARs acts as a system to detect extracellular proteolysis and thus allows cells to act to protect themselves and/or alert general defense systems.
Disruption of Communication Networks by Degradation of Cytokines and Their Receptors
Cells of the innate and acquired immune systems communicate via chemical signals constituted by small proteins generally referred to as cytokines. Cytokines, released by sentry cells sensing pathogens and in response to components of damaged tissue, are essential for mounting the inflammatory reaction, as well as its regulation and resolution. Therefore, the interaction between bacteria and cytokine networks is an important theme in microbial pathogenicity. Disturbance of this communication network has the potential to profoundly affect the pathological outcome of infectious diseases. One mode of disruption of cytokine signaling can occur through proteolytic modification of these molecules and their receptors on cell surfaces. Perhaps not surprisingly, cytokines and their receptors were found to be susceptible to degradation by a large array of bacterial-derived proteases ( table 1 ) . Without exception, cytokine and receptor cleavage is executed by promiscuous proteases that also target several other pathologically relevant proteins/peptides of the innate immune system as it is best documented for gingipains, cysteine proteases produced by P. gingivalis [91] . In this case, the system is further complicated by the ability of gingipains to directly stimulate cytokine release by immune cells [92] . Moreover, it should be noted that due to the complex and redundant meshwork of cytokine functions, it is difficult to extrapolate in vitro findings to the situation in infected tissues and therefore the overall pathological effects of the proteolysis of these molecules. 
Effect on Chemokines
Chemokines are a distinct, large superfamily of cytokines encompassing small (8-15 kDa) structurally related proteins consisting of an N-terminal region followed and connected via cysteine bonds to its ␤ -sheet core and a C-terminal ␣ -helix. All possess chemotactic activity for immune cells. To date, at least 46 chemokines which signal through 18 functional G protein-coupled receptors have been identified in humans. According to their physiological role, they are described as either inflammatory or homeostatic chemokines. The function of inflammatory chemokines is to recruit leukocytes for host defense. Modulation of chemokine activity by proteolytic processing at both N-and C-termini is a common feature and the coordinated truncation of inflammatory cytokines by host matrix metalloproteases is critical for both influx and termination of neutrophil recruitment in acute inflammation [93, 94] .
The N-terminal sequence of chemokines preceding the first conservative cysteine residue is exposed and conformationally disordered; therefore, these molecules are easily proteolytically processed at the N-terminus. In the case of several CXC inflammatory chemokines, including CXCL8 (IL-8), the main human neutrophil-attracting chemokine, such cleavage results in amplification of their activity, which is thought to be essential for inflammatory influx of neutrophils. This capability of activating IL-8 has apparently been usurped by the gingipains of P. gingivalis . Soluble RgpA, RgpB and Kgp efficiently truncate IL-8 at the N-terminus enhancing its activity [95] and this correlates well with the massive infiltration of neutrophils into periodontitis sites. Interestingly, the same enzymes, when associated with bacterial outer membrane blebs (vesicles), instantly degrade this chemokine at multiple points. This division of enhancing and inactivating activity between soluble and membranebound gingipains is likely to result in the compartmentalization of pro-and anti-inflammatory reactions to distal and proximal positions from the bacterial plaque, respectively, which may explain why there is no elimination of infection despite the massive neutrophil accumulation at periodontitis sites [95] .
The alkaline protease and elastase of P. aeruginosa efficiently degraded human RANTES, monocyte chemotactic protein-1 and epithelial neutrophil-activating protein-78, but not IL-8. Degradation was accompanied by a loss of chemotactic activity. It was suggested that the chemokine degradation could alter the relative amounts of critical immunomodulatory cytokines in the airway and, thus, could contribute to the pathophysiology observed in P. aeruginosa -associated lung disease [96] . However, the overall importance of this observation has not been verified experimentally.
Similarly to Y. pestis infections (see Escaping Host Defenses by Manipulating Fibrinolysis), lesions of lethal necrotizing fasciitis caused by S. pyogenes are characterized by an absence of neutrophils at the site of bacterial growth. In this case, however, the paucity of neutrophils in the necrotizing fasciitis lesions was correlated with limited proteolysis of IL-8 in its C-terminal domain by the streptococcal cell envelope protease Sly CEP [97] . Follow-up studies have identified the gene encoding Sly-CEP and found that the protease shares an extensive homology to the well-known C5a peptidase (ScpA). In addition, it was shown that IL-8 Sly CEP cleaves the C-terminal domain of the murine CXC chemokines, KC and MIP-2, and is an essential factor for S. pyogenes pathogenicity in the murine model of infection. The IL-8 Cterminal domain cleavage by Sly CEP is necessary and sufficient to reduce IL-8-dependent neutrophil endothelial transmigration and promotes resistance to neutrophil killing [98] . Furthermore, Sly CEP was also shown to cleave granulocyte chemotactic protein 2 and growth-related oncogene-␣ , 2 potent chemokines that are abundant in human tonsils. Cleavage of these 2 chemokines by SpyCEP abrogated their ability to prime neutrophils for activation, detrimentally altering the innate immune response. A functional homologue of Sly-CEP that cleaves IL-8, promoting neutrophil resistance, was found in the zoonotic pathogen, Streptococcus iniae [98] . Taken together, these data suggest that Sly CEP is a very efficient weapon used by streptococci to impair bacteria clearance by neutrophils. To date, no substrates other than chemokines have been identified for Sly CEP, suggesting that the enzyme has unique activity custommade for cleavage of the C-terminal domain of chemokines. Cleavage at this site deprives the chemokine of its ability to interact with glycosaminoglycans that are essential for surface presentation of chemokines by venular endothelial cells, which in turn is a prerequisite for neutrophil transcytosis. In some respects, chemokine cleavage by Sly CEP is an interesting example of functional mimicry, since it resembles the use of MMP12 by macrophages to terminate polymorphonuclear leukocytes influx by proteolytic inactivation of inflammatory chemokines [94] .
Disarming Professional Phagocytes
Neutrophils, macrophages, monocytes and natural killer cells constitute the cellular branch of innate immunity. As in the case of other immunity barriers, this can also be breached by specialized pathogens. The best described pathway depends on injecting phagocytes with effectors that disable their antibacterial functions or eliminate the cells. If proteases are used in this process, they are usually specialized just to perform their job of silencing the antibacterial functions of phagocytes (see Bacterial Proteases Targeting and Manipulating Intracellular Inflammatory Signaling Pathways of Innate Immunity). The antibacterial potential of phagocytes is also dampened by general proteases. SpeB can cause mitochondrial damage in polymorphonuclear leukocytes cells, preventing immune clearance of S. pyogenes at an early infectious stage [99] . Furthermore, SpeB was shown to selectively cleave antigen-bound antibodies at the hinge region. Simultaneously, IgGs captured via their Fc region by immunoglobulin-binding proteins on the surface of S. pyogenes were protected from cleavage. Collectively, this strategy facilitates escape from opsonophagocytosis, while not interfering with the formation of a host-like coat by IgG molecules immobilized on the surface via their Fc region. These findings correlate with the observation that genetic inactivation of SpeB decreased the resistance of the mutant bacterium to phagocytosis and impaired its subsequent dissemination to organs. Protection against opsonophagocytosis is further enhanced by complement inactivation by SpeB and IgG splicing by IdeS, a cysteine protease with a unique specificity for the IgG hinge region [100] . Interestingly, cystatin C, a cysteine protease inhibitor, acts as cofactor that accelerates IgG cleavage by IdeS. This is a unique example of the 'hijacking' of a host protease inhibitor by a bacterial protease to increase its activity [101] . In vivo SpeB apparently contributes to the intracellular survival of S. pyogenes in macrophages during acute invasive infections [102] . Similarly, aureolysin contributes to the intracellular persistence of S. aureus after phagocytosis by macrophages [103] .
Immune cell functions can also be disabled or diminished by proteolytic modification of specific receptors on their surface. Apart from the cleavage of cytokine receptors (see above), this effect is exemplified by inactivation of the C5a receptor, degradation of CD14 [104] , shedding of CD44 [105] and syndecan-1 [69, 106, 107] , and cleavage of the urokinase-type plasminogen activator receptor [108] by bacterial proteases. Potentially, any of these cleavages may have significant effects on innate immunity.
In this issue, we have described a novel and specific mechanism of disabling and eliminating blood phagocytes by SspB, a cysteine protease secreted by S. aureus . SspB selectively cleaves CD11b on phagocytes, which rapidly acquire features of cell death and become subjects of extensive, nonphlogistic clearance by macrophages [109] . Similar effects on neutrophils were exerted by the proteases of P. gingivalis , where gingipains sensitized healthy neutrophils for uptake by macrophages, whereas endogenous proteinases were unable to elicit this effect. This stimulation was apparently induced by the combined effect of proteolytic cleavage of an antiphagocytic signal (CD31) and the generation of a novel 'eat-me' signal on the neutrophil surface [110] . In both cases, the action of the bacterial proteases on the phagocytes would be likely to affect the local inflammatory process to the benefit of the invading pathogens.
Scavenging of Iron with the Aid of Bacterial Proteases
Iron limitation by vertebrates is one of the most important instruments of innate immunity to impair microbial growth. Due to a large number of iron-and haem-sequestering proteins, the level of free iron in human body fluids is at the femtomolar concentration, much lower than the requirements for growth by the majority of microorganisms. As a countermeasure to iron limitation, bacteria have developed many different systems to acquire iron or haem. To date, the use of proteases in iron/haem acquisition was characterized in E. coli and P. gingivalis . The hemoglobin protease of E. coli interacts with hemoglobin, degrades it and subsequently binds the released haem, which is then shared with Bacteroides fragilis [111] . Both bacteria remain in a symbiotic relation causing intraabdominal abscesses. For P. gingivalis , methemoglobin is efficiently degraded by the Lys-specific gingipain (Kgp) [112] , while the sequential action of Arg-specific gingipains and Kgp is needed to break down oxyhemoglobin [113] . The haem-containing pigment thus generated is deposited in the P. gingivalis cell envelope, causing black pigmentation of the bacterium cultured on blood agar.
Concluding Statements
The innate immune system has clearly developed a legion of different strategies to control bacteria and thus prevent associated disease. Just as clear, however, is that bacteria have taken advantage of these many strategies to turn the immunological strengths into weaknesses and thus gain themselves an evolutionary advantage. Bacterial proteases have merged as key molecules that are able to affect the molecules and cells of the innate immune system to bacterial advantage, using an astonishing array of ingenious mechanisms to achieve the desired outcome for the microorganism. Given that there are thousands of different species of bacteria, each producing many proteases, it is likely that many more fascinating, yet deadly mechanisms will be discovered. It is vital that these are characterized in order to develop effective strategies for the control of bacterial infections.
